The HAT-B enzyme complex is responsible for acetylating newly synthesized histone H4 on lysines K5 and K12. HAT-B is a multisubunit complex composed of the histone acetyltransferase 1 (Hat1) catalytic subunit and the Hat2 (rbap46) histone chaperone. Hat1 is predominantly localized in the nucleus as a member of a trimeric NuB4 complex containing Hat1, Hat2, and a histone H3-H4 specific histone chaperone called Hif1 (NASP). In addition to Hif1 and Hat2, Hat1 interacts with Asf1 (antisilencing function 1), a histone chaperone that has been reported to be involved in both replication-dependent and -independent chromatin assembly. To elucidate the molecular roles of the Hif1 and Asf1 histone chaperones in HAT-B histone binding and acetyltransferase activity, we have characterized the stoichiometry and binding mode of Hif1 and Asf1 to HAT-B and the effect of this binding on the enzymatic activity of HAT-B. We find that Hif1 and Asf1 bind through different modes and independently to HAT-B, whereby Hif1 binds directly to Hat2, and Asf1 is only capable of interactions with HAT-B through contacts with histones H3-H4. We also demonstrate that HAT-B is significantly more active against an intact H3-H4 heterodimer over a histone H4 peptide, independent of either Hif1 or Asf1 binding. Mutational studies further demonstrate that HAT-B binding to the histone tail regions is not sufficient for this enhanced activity. Based on these data, we propose a model for HAT-B/histone chaperone assembly and acetylation of H3-H4 complexes. . 2 The abbreviations used are: HAT-B, histone acetyltransferase type B; Hat, histone acetyltransferase; Asf1, anti-silencing function 1; SEC, size exclusion chromatography; AUC, analytical ultracentrifugation; ACoA, acetyl coenzyme A.
Histone acetylation has been linked to diverse functions including transcriptional activation, gene silencing, DNA repair, cell cycle progression, chromatin maturation and dynamics, and nucleosome assembly (1, 2) . There are two main classes of enzymes responsible for acetylation of histones: type A and type B histone acetyltransferases. Type A histone acetyltransferases are nuclear enzymes that acetylate histones in the context of chromatin, whereas type B acetyltransferases are responsible for the acetylation of newly synthesized histones H3 and H4. Although histone H3 is only moderately acetylated upon its synthesis (ϳ30%) (3, 4) , newly synthesized histone H4 is highly acetylated on lysine residues K5 (H4K5) and K12 (H4K12) (3, 5, 6) . These modifications are transient, and once transported across the nucleus, the histones are deacetylated during the course of chromatin maturation (7) . Although acetylation of H4K5/12 is highly conserved throughout evolution, it has been shown to be nonessential through mutagenic analysis, in which replacing these residues with arginine (mimicking the constitutively unacetylated state) has no effect on cell growth in yeast (8) . Thus the evolutionarily conserved function of H4K5/ K12 acetylation remains unknown.
The HAT-B 2 enzyme complex is responsible for acetylating newly synthesized histone H4 on lysines K5 and K12 (9 -13) . HAT-B is a multisubunit complex composed of histone acetyltransferase 1 (Hat1), the catalytic subunit, and Hat2 (rbap46), a histone chaperone that increases the catalytic activity of Hat1 by ϳ10-fold (14) . HAT-B is the only known member of the type B histone acetyltransferases that exhibits specificity toward free H4 but is unable to acetylate nucleosomal H4 substrates (15) . Previous studies have demonstrated that Hat1 is essential in mammals, because a Hat1 knock-out mouse shows neonatal lethality (16) . Although HAT-B was originally identified in the cytoplasm, more recent studies demonstrate that Hat1 is predominantly localized in the nucleus as a member of a trimeric NuB4 complex containing Hat1, Hat2, and Hif1 (NASP) (9, 17, 18) . The protein Hif1, similar to Hat2, is a histone H3-H4 specific chaperone and was initially identified as a component of the HAT-B complex where it has been hypothesized to be responsible for recruiting histones H3-H4 to HAT-B. Deletion experiments have shown that the loss of Hif1 in combination with K9R and K14R mutations in H3 is comparable to deletion of Hat1, which results in defects of telomeric silencing and DNA double-stranded break repair (19) . The association of the histone chaperone Hif1 with HAT-B was the first direct evidence implicating a role for Hat1 in the chromatin assembly process (17) . In addition to Hif1 and Hat2, Hat1 has also been shown to interact with another histone chaperone, Asf1 (antisilencing function 1) (20, 21) . Asf1 has been reported to be involved in both replication-dependent and -independent chromatin assembly where it can either assemble or disassemble chromatin in DNA replication, repair, and transcription (22) (23) (24) (25) (26) . Significantly, unlike most enzymes that are involved in transient interactions with their substrate, Hat1 remains associated with H4 through much of histone H3-H4 assembly and deposition (3) .
Although HAT-B is known to associate with both Hif1 and Asf1, the modes of histone chaperone binding to HAT-B and their effects on HAT-B acetyltransferase activity have not been studied. To elucidate the molecular roles of the Hif1 and Asf1 histone chaperones in HAT-B acetyltransferase activity, we have extensively characterized the enzymatic activity of HAT-B on histone protein substrates in the presence and absence of both the Hif1 and Asf1 chaperones. Previous studies have used a histone H4 peptide to measure the enzyme efficiency of Hat1 alone (27) . We show here that the full-length histone H3-H4 heterodimer is a much better protein substrate for both HAT-B and Hat1 alone, independent of Hif1 and Asf1 binding. Mutational analysis indicates that HAT-B contacts to the histone tail regions are not sufficient for this enhanced activity. In addition, we determine that both Hif1 and Asf1 bind independently and with different stoichiometries to HAT-B/histone H3-H4 complexes, whereby Hif1 binds directly to Hat2 and Asf1 binds HAT-B through contacts with H3-H4. These data have allowed us to propose a binding mode for the interactions of Hif1 and Asf1 with the HAT-B complex and further enhance our understanding of the roles of Hat1, Hat2, Hif1, and Asf1 in H3-H4 assembly and acetylation.
Experimental Procedures
Protein Preparation-Asf1 and the full-length histone H3-H4 heterodimers were generated as described previously (25, 28) . The "tail-less" histone constructs (H3 residues 45-135 and H4 residues 20 -102) were generated from human H3.3 and H4 cDNA by PCR amplification followed by ligation into the BamHI/XhoI sites of Escherichia coli protein expression vector pET Duet (Novagen). Protein expression was performed as previously described (28) . The gene encoding full-length Hat1, Hat2, and Hif1 proteins were subcloned from Saccharomyces cerevisiae genomic DNA. Hat1 DNA was ligated into a pFast-Bac vector encoding an N-terminal GST fusion protein followed by a TEV protease cleavage site. Hat2 DNA was ligated into a pFastBac vector encoding an N-terminal hexahistidine tag followed by a TEV protease cleavage site. Hif1 DNA was ligated into both a pFastBac vector with no tag and a N-terminal hexahistidine tag followed by a TEV protease cleavage site. These plasmids were then used to generate recombinant baculovirus, which were then either used to transfect or cotransfect Sf9 insect cells for protein or protein complex overexpression. Cells were harvested 48-h post-transfection/cotransfection and then subjected to lysis by sonication in PBS buffer (150 mM NaCl, 8.3 mM Na 2 HPO 4 , 1.85 mM NaH 2 PO 4 , pH 7.4) supplemented with protease inhibitor mixture. After centrifugation, the supernatant was incubated with either GST or nickel-nitri-lotriacetic acid affinity resin for 1 h and poured onto a column followed by washing with 20 column volumes of PBS buffer supplemented with 20 mM imidazole (nickel-nitrilotriacetic acid purification). GST affinity columns were eluted with PBSglutathione (20 mM glutathione) buffer and nickel-nitrilotriacetic acid columns were eluted with PBS-imidazole (250 mM imidazole) buffer. Proteins and protein complexes were then dialyzed at 4°C overnight in the presence of TEV protease to cleave N-terminal GST and/or hexahistidine tags. Additional purification was performed the following day using a 5-ml HiTrapQ anion exchange column (in 20 mM Tris pH 7.9 buffer with a NaCl gradient from 0 to 1 M over 20 column volumes) and Superdex 200 gel filtration chromatography (in 20 mM Tris, pH 7.9, 500 mM NaCl). The protein was then concentrated to ϳ200 M using a Millipore protein concentrator, flash frozen in liquid nitrogen, and stored at Ϫ80°C until further use.
Hat2 mutants were constructed by site-directed mutagenesis (Q5 Hot start polymerase; New England Biolabs). The mutant constructs were all verified by DNA sequencing. Protein expression was performed as described above for the wild-type proteins.
Generation of Protein Complexes-To generate the Hat2/ Hif1 protein complex, N-terminal His-tagged constructs of both full-length Hat2 and Hif1 were purified separately on nickelnitrilotriacetic acid resin as described above. These proteins were than mixed at equimolar concentrations and incubated on ice for 10 min. The complex was then subjected to Superdex 200 gel filtration chromatography (in 20 mM Tris, pH 7.9, 500 mM NaCl). The same protocol was used to determine that Asf1 is not capable of binding HAT-B in the absence of the histones.
To prepare NuB4/H3-H4, a molar excess of H3-H4 was incubated on ice with NuB4 for 10 min. This complex was then subjected to Superdex 200 gel filtration chromatography (in 20 mM Tris, pH 7.9, 500 mM NaCl). To prepare HAT-B/Asf1/H3-H4, a molar excess of Asf1/H3-H4 was incubated on ice with HAT-B for 10 min. This complex was then subjected to Superdex 200 gel filtration chromatography (in 20 mM Tris, pH 7.9, 500 mM NaCl). To prepare NuB4/Asf1/H3-H4, a molar excess of Asf1/H3-H4 was incubated on ice with NuB4 for 10 min. This complex was then subjected to Superdex 200 gel filtration chromatography (in 20 mM Tris, pH 7.9, 500 mM NaCl). These proteins were immediately used for the sedimentation equilibrium experiments discussed below.
Analytical Ultracentrifugation-Sedimentation equilibrium analytical ultracentrifugation experiments were performed at 4°C with absorbance optics at 280 nm using a Beckman Optima XL-I analytical ultracentrifuge. We used a four-hole rotor containing six-channel centerpieces with quartz windows, spinning at 6,000, 9,000, 12,000, and 18,000 rpm. Protein samples were analyzed at A 280 ϭ 0.8, 0.4, and 0.2 in gel filtration buffer (20 mM Tris, pH 7.9, 500 mM NaCl). The data for each speed were collected in quadruplicate. The viscosity of the samples were estimated using Sedenterp (29, 30) , and the most representative runs were included to calculate a theoretical molecular masses using the program HeteroAnalysis.
HAT Enzyme Assay-We employed a previously described enzyme assay with 14 C-labeled ACoA as a radioactive tracer (31) . All assays were performed with 100 nM enzyme at 20°C for 20 min in 20 mM Tris (pH 7.9) and 500 mM NaCl at saturating concentrations of 14 C-labeled ACoA (500 M) enzyme in a 50-l reaction volume. A time course was used to determine the linear range of the enzyme in the presence of saturating substrate (500 M H3-H4 histones or an H4 peptide containing residues [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The reaction was quenched by spotting 20 l of the solution onto P81 negatively charged ion exchange paper squares (Millipore) and immediately washed with 10 mM HEPES pH 7.5 buffer. Washes were repeated three times for 1 min to remove excess 14 C-ACoA. The papers were then dipped in acetone and allowed to dry before being placed into vials containing 5 ml of scintillation fluid. The samples were analyzed using a Beckman liquid scintillation counter. The K m and V max of the histone and peptide substrates were then calculated by varying the concentration of substrate. All reactions were performed in duplicate, and radioactive counts were converted to molar units using a standard curve generated by spotting known concentrations of 14 C-ACoA onto P81 paper and allowing the papers to dry before being placed into scintillation fluid for counting.
Results

Hif1 and Asf1 Bind Independently and with Different Stoichiometries to HAT-B/Histone H3-H4 Complexes-A previous
report employing ⌬hat2 yeast strains demonstrated that Hat2 is essential for Hif1 association with Hat1, although this study did not address whether this association was mediated by direct Hif1 binding to Hat1, Hat2, or both proteins (19) . To elucidate the interactions that Hif1 makes with Hat1 and Hat2, we purified recombinant Hat1, Hat2, and Hif1 and performed size exclusion chromatography (SEC) to determine whether Hif1 can bind directly to either Hat1 or Hat2 alone or requires both Hat1 and Hat2 for binding. In agreement with previous experiments, we demonstrated that Hif1 is unable to bind Hat1 in the absence of Hat2 (data not shown). However, when Hat2 was incubated with excess Hif1 and SEC was performed, there was a shift in elution volume to higher molecular mass. SDS-PAGE analysis revealed that Hif1 and Hat2 comigrate to form a stable protein complex ( Fig. 1A) . These experiments were performed at 0.5 M NaCl, and therefore nonspecific electrostatic interactions are unlikely. These data indicated that Hif1 can bind to Hat2 in the absence of Hat1, suggesting that in the NuB4 complex, Hif1 binds directly to Hat2 with little or no interaction with Hat1.
To determine the mode of binding of the histone chaperone Asf1 to the HAT-B complex, we performed similar SEC experiments to determine whether Asf1 was capable of binding either Hat1 alone, Hat2 alone or requires both Hat1 and Hat2 for binding. These experiments were all performed at 0.5 M NaCl to avoid nonspecific electrostatic interactions. When Asf1 was incubated with either Hat1 or Hat2 alone or the HAT-B complex (containing both Hat1 and Hat2) followed by SEC, a stable complex with Asf1 could not be detected (Fig. 1B) . In contrast, when HAT-B and Asf1 were incubated in the presence of the H3-H4 histone complex, followed by SEC, the results show that a stable interaction did occur (Fig. 1C) . These data indicate that under these conditions, Asf1 does not directly interact with either Hat1 or Hat2 and indeed is only involved in the HAT-B complex through contacts made to the histones.
Although Hif1 and Asf1 can bind to the HAT-B/H3-H4 histone complex, it was not known whether Hif1 and Asf1 can bind independently or simultaneously to HAT-B. To investigate this issue, we analyzed HAT-B/histone chaperone complexes using SEC. We formed the following complexes: 1) HAT-B with Asf1 and H3-H4 (HAT-B/Asf1/H3-H4), 2) HAT-B with Hif1 and H3-H4 (NuB4/H3-H4), and 3) the six-protein complex HAT-B with Hif1, Asf1, and H3-H4 (NuB4/Asf1/H3-H4). Each of these complexes were formed by generating an equal molar amount of purified recombinant Hat1, Hat2, and/or Hif1 and mixing C, Hif1 and Asf1 binding modes to HAT-B (Hat1/Hat2) analyzed by SEC and corresponding SDS-PAGE analysis. The following complexes were preformed and analyzed by SEC and SDS-PAGE, and overlaid chromatographs are colorcoded as indicated. Trace 1, HAT-B with Hif1 and H3-H4 (NuB4/H3-H4, red); trace 2, HAT-B with Hif1, Asf1, and H3-H4 (NuB4/Asf1/H3-H4, green); trace 3, HAT-B with Asf1 and H3-H4 (HAT-B/Asf1/H3-H4, blue). We note that Hif1 staining on SDS-PAGE appears substoichiometric with other associated Hat1 complexes, suggesting that Hif1 either stains anomalously weakly or partially dissociates from the complex during SEC.
either the HAT-B or NuB4 complexes with an excess of either Asf1/H3-H4 or an excess of H3-H4. After a 10-min incubation, the samples were run on SEC and SDS-PAGE analysis was performed. These data indicate that all of the combinations of pro-tein complexes can be stably formed in vitro (Fig. 1C ). Interestingly, there was an obvious shift in elution volume to higher molecular mass in the five-protein complex without Asf1 (NuB4/H3-H4) compared with the six-protein complex con- Au 280 nm for F, with centrifugations speeds of 6,000 rpm (blue), 9,000 rpm (red), 12,000 rpm (green), and 18,000 rpm (purple). Global fits to the data were carried out using the program heteroanalysis to generate sedimentation profiles (top panels) and the corresponding residuals (bottom panels). Molecular masses of single species complexes were determined using an ideal fitting model on the data. The model fits are shown for each centrifugation speed at one representative concentration (0.5 Au 280 nm ) as indicated for the following complexes: HAT-B/Asf1/H3-H4 (A), NuB4/H3-H4 (B), Hif1/H3-H4 (C), HAT-B (D), HAT-B/H3-H4 (E), and NuB4/Asf1/H3-H4 (F). DECEMBER 18, 2015 • VOLUME 290 • NUMBER 51
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taining Asf1 (NuB4/Asf1/H3-H4). This apparent higher molecular mass was possibly due to the addition of a second copy of Hif1/H3-H4 being present in the complex, and this apparent higher molecular mass was also observed in the analytical ultracentrifugation (AUC) experiments discussed in detail below. The stoichiometry of HAT-B complexes with histone chaperones has not been investigated. To address this issue, we performed AUC using sedimentation equilibrium analysis (Fig. 2) . The five protein HAT-B/Asf1/H3-H4 complex has a calculated molecular mass of 130 kDa ( Fig. 2A and Table 1 ). This number is very close to the theoretical molecular mass of 135 kDa assuming a 1:1:1:1:1 stoichiometric interaction. The five-protein NuB4/H3-H4 complex has a calculated molecular mass of 240 kDa ( Fig. 2B and Table 1 ). Significantly, the calculated molecular mass is higher than the theoretical molecular mass of 159 kDa for a stoichiometry of 1:1:1:1:1. However, it is possible that there is an alternate stoichiometric arrangement that would also be in agreement with an early elution volume during the SEC experiments. For example, two copies of Hif1 bound to two copies of the H3-H4 dimer would allow for a predicted molecular mass of 235 kDa, which is much closer to the experimentally calculated molecular mass. This proposed stoichiometry is indeed in agreement with previous experiments performed on the human ortholog of Hif1 (sNASP) that used AUC to show sNASP homodimerizes and binds two copies of H3-H4 heterodimers (21) . To verify this, we performed sedimentary equilibrium experiments on Hif1 bound to histones H3-H4. These data show a calculated molecular mass of 135 kDa ( Fig.  2C and Table 1 ), which is very close to the theoretical molecular mass of two copies of Hif1 binding to two copies of the histones H3-H4 (147 kDa). In addition, when AUC performed on HAT-B alone ( Fig. 2D and Table 1 ) or HAT-B with the H3-H4 histone complex ( Fig. 2E and Table 1 ), the calculated molecular masses all agree with a 1:1 stoichiometry of Hat1 and Hat2. These data confirm that only in the presence of Hif1 do we observe a molecular mass that corresponds to higher stoichiometric configurations. Taken together, these experiments are consistent with the model that the five-protein NuB4/H3-H4 complex contains Hat1, Hat2, and two copies of Hif1 that bind to two H3-H4 histone heterodimers. The six-protein NuB4/ Asf1/H3-H4 complex ( Fig. 2F and Table 1 ) has an experimental molecular mass that ranges between 179 kDa (0.1-0.2 A 280 ) and 205 kDa at higher concentration (0.3-0.9 A 280 ). The calculated molecular mass at low A 280 is almost identical to the theoretical molecular mass of 178 kDa assuming a 1:1:1:1:1:1 stoichiometric interaction. The calculated molecular mass at higher A 280 could be indicative of self-association at higher protein concentrations, or it is possible there was an equilibrium between multiple protein complexes when all six proteins are present. For example, if an equilibrium existed between NuB4/ H3-H4 (235 kDa) and NuB4/Asf1/H3-H4 (179 kDa), the apparent molecular mass might represent an average between the two species (207 kDa), which is very close to the experimental molecular mass at higher protein concentrations (205 kDa). Furthermore, we observe a higher molecular mass species on the size exclusion chromatogram of NuB4/Asf1/H3-H4, indicating the presence of multiple species. In fact, this higher molecular mass species elutes at the same volume as NuB4/ H3-H4 (Fig. 1C) .
Taken together, these data demonstrate that the histone chaperones Asf1 and Hif1 can bind to HAT-B either independently or simultaneously. In addition, it appears that when Asf1 is present, it exists as a monomer bound to one H3-H4 histone heterodimer. In contrast, the data presented here and by others (21) demonstrate that two copies of Hif1 bind to two copies of H3-H4 histones (either two heterodimers or one heterotetramer) within the NuB4/H3-H4 complex.
Binding of the Hif1 and Asf1 Histone Chaperones Does Not Significantly Influence HAT-B-mediated Histone H4 Acetylation Activity-Previous studies have demonstrated that Hat2
association significantly increasing the catalytic efficiency of Hat1. These experiments were performed by measuring the activity of wild-type and ⌬hat2 yeast cells on a histone H4 substrate. These data demonstrate that there is an approximately 10-fold enhancement in the overall activity when wild-type cells are compared with ⌬hat2 yeast strains (19) . Additionally, there were conflicting data for how Hif1 affects activity of Hat1 where one study showed ⌬hif1 yeast strains exhibit no change in overall activity toward a histone H4 substrate in vivo (19) , whereas a second study demonstrated that the addition of the human orthologs NASP to the HAT-B complex enhanced the activity of Hat1 toward H4 (21) . Furthermore, no information has been reported on how the histone chaperone Asf1 affects the catalysis of Hat1. To more quantitatively determine the roles of both Hif1 and Asf1 on the enzymatic activity of Hat1, we performed extensive Michaelis-Menten enzyme kinetic experiments using a histone H3-H4 heterodimer substrate.
With recombinant Hat1, HAT-B (Hat1 and Hat2), NuB4 (HAT-B and Hif1), and histone H3-H4 heterodimers on hand, an activity assay using 14 C-labeled ACoA as a radioactive tracer was employed to measure the enzyme activity of 100 nM Hat1, HAT-B, or NuB4 against varying concentrations of H3-H4 in the presence of saturating (500 M) 14 C isotopically labeled ACoA (Fig. 3A) . As expected, the addition of Hat2 to Hat1 in the HAT-B complex enhanced the catalytic efficiency (k cat /K m ) by ϳ4-fold. This increase in efficiency was caused by a modest increase in K m for histones (from 11 M for Hat1 alone to 18 M for HAT-B) and a more significant increase in k cat (from 16 min Ϫ1 for Hat1 alone to 85 min Ϫ1 for HAT-B). The addition of Hif1 to the HAT-B complex resulted in essentially no change in the K m for histones (from 18 M for HAT-B alone to 19 M for NuB4) and a modest increase in the k cat (from 85 min Ϫ1 for HAT-B alone to 94 min Ϫ1 for NuB4), resulting in no overall change in catalytic efficiency (4.9 M Ϫ1 min Ϫ1 for both HAT-B and NuB4). Together, these studies demonstrate that Hif1 binding does not significantly influence the catalytic efficiency of the HAT-B complex toward H4 acetylation.
To determine the role of Asf1 on enzyme activity, we measured the k cat /K m for Hat1, HAT-B, or NuB4 using varying concentrations of the substrate Asf1 bound to histones H3-H4 in the presence of saturating 14 C-ACoA. Because we were unable to produce large enough quantities of Asf1 bound to histones H3-H4 to do a complete K m and k cat analysis, we measured the catalytic efficiency (k cat /K m ) using the slope of the linear region in the Michaelis-Menten plot. To directly compare Asf1/ H3-H4 to H3-H4 alone as substrates for Hat1, HAT-B, and NuB4 we analyzed only at the linear region of both plots (Fig. 3,  B and C) . These data indicate that the addition of Asf1 has a modest effect on enzyme efficiency (2.0 M Ϫ1 min Ϫ1 for HAT-B against full-length H3-H4 compared with 2.6 M Ϫ1 min Ϫ1 for HAT-B against Asf1/H3-H4) ( Table 2 ). Based on this observation, we conclude that Asf1 binding does not contribute to HAT-B-mediated histone H4 acetylation. This is consistent with a more important role for Asf1 in mediating histone deposition by the HAT-B complex.
Full-length Histone Substrates Are Required for Robust Enzymatic Activity-To our knowledge, the enzymatic analysis that we present here is the first performed on Hat1, HAT-B, and NuB4 using full-length histone H3-H4 heteromeric substrates. Previous experiments have measured the activity of Hat1 on a histone H4 peptide and reported a k cat of ϳ4.2 s Ϫ1 and a K m of ϳ21 M (27) . To our knowledge, there are no previous kinetic experiments on the HAT-B complex. Using the knowledge that Hat2 makes extensive interactions with both H3 and H4 (32), we hypothesized that full-length histones would be much better substrates than an N-terminal histone H4 tail peptide. To test this hypothesis, we performed extensive Michaelis-Menten kinetics on Hat1, HAT-B, and NuB4 using a histone H4 peptide (residues [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and compared that to the complete enzymatic analysis of the full-length histone H3-H4 substrate (Fig. 4, A  and B) . These experiments demonstrate that there is a remarkable difference in both K m and k cat when comparing the peptide to the full-length histone protein substrates. The overall DECEMBER 18, 2015 • VOLUME 290 • NUMBER 51 JOURNAL OF BIOLOGICAL CHEMISTRY 30653 increase in catalytic efficiency for the full-length histone substrate over the histone peptide is ϳ23-fold for Hat1 alone, ϳ7-fold for HAT-B, and ϳ5-fold for NuB4. These large changes in catalytic efficiency are mainly due to large decreases in K m with more modest increases in k cat for the full-length histone proteins relative to the histone peptide. To ensure that the increase in enzyme efficiency that we observed was specific for the H4 tail, we measured the activity of HAT-B against a tail-less construct of H3-H4 ( Fig.  4C ) and observed no nonspecific acetylation of the histone core.
Role of Histone Chaperones in HAT-B Activity
Together, these data suggest that histone regions outside of the histone tails contribute to histone H4 tail acetylation by the Hat1containing HAT-B and NuB4 complexes.
To better understand the regions of the histones that are critical for robust enzymatic activity, we used the existing crystal structures of Hat2 bound to H4(1-48) (33) and HAT-B bound to H4(2-49) and a H3 N-terminal peptide (32) as a guide for potential interactions (Fig. 5A) . The Hat2/H4(1-48) structure reveals extensive contacts of an N-terminal helix and a second ␣-helix termed the PP-loop (33) of Hat2 with a helix of H4 composed of residues 25-41. These interactions were shown to be essential for H4 binding to Hat2 by mutagenic analysis. To determine whether these contacts are important for the enhanced enzyme efficiency of HAT-B, we generated the same mutations to the yeast Hat2 protein (Hat2 DDAED: containing D335N ϩ D336N ϩ E338Q ϩ D339N and Hat2 LM: containing L23D and M24K) and measured the catalytic efficiency toward the full-length histone substrates. Surprisingly, these mutants had little effect on the overall catalytic efficiency when compared with the wild-type protein (Fig. 5B) , indicating that these interactions are not important for HAT-B acetylation of histone H4. These data also show no change in catalytic efficiency using full-length H3 or a tail-less construct of H3 and therefore indicate that the N-terminal tail on H3 does not contribute to HAT-B acetylation of histone H4 (Fig. 5C ). In addition, we measured the activity of the Hat2 DDAED ϩ LM mutant protein against the H3-H4 heterodimer that lacks residues 1-44 on the H3 tail. These data show that a combination of the loss of the tail on H3 in combination with the mutants to Hat2 again does not affect the overall catalytic efficiency (Fig.  5D ). Additionally, we generated mutations that were structurally disruptive to further abolish the interaction between Hat2 and histone H4 (Hat2 DDAED to 5ϫ alanine) and Hat2 NLM (containing N20A, L23Y, and M24A). These mutants had no effect on the overall catalytic efficiency when compared with the wild-type protein (Fig. 5E ), further indicating that these interactions are not important for HAT-B acetylation of histone H4. To address the possibility that the H3-H4 core domain somehow allosterically stimulates the catalytic activity of the HAT-B complex for histone H4 tail acetylation, we measured the catalytically activity of HAT-B toward the histone H4 tail in the presence of the tail-less H3-H4 heteromeric core added in trans (Fig. 5F ). We found that there was no change in the activity when comparing the peptide alone versus the peptide histone H4 tail in the presence of the tail-less H3-H4 heterodimeric core. Taken together with our earlier observations that full-length H3-H4 histone heterodimer is a better substrate for HAT-B than an H4 peptide, these data suggest that HAT-B binding to the histone tail regions is not sufficient for the preferential acetylation activity of HAT-B for the H3-H4 histone heterodimer over the histone H4 tail.
Discussion
The HAT-B histone acetyltransferase is the enzyme complex responsible for acetylation of newly synthesized histone H4 molecules on K5 and K12 (9 -13) , an activity that is evolutionarily conserved from yeast to human. HAT-B has also been demonstrated by coimmunoprecipitation and native complex purification to associate with the histone chaperones Hif1 (sNASP) and Asf1, possibly to coordinate histone deposition by these proteins (17) . The biochemical nature of the HAT-B/histone chaperone complexes and the roles played by Hif1 and Asf1, as well as the H3-H4 histone complex in HAT-B-mediated histone H4 acetylation, has not previously been studied.
To investigate the molecular properties of the interactions between the histone chaperones with HAT-B, we performed a series of experiments to determine the mode of binding between Asf1 and Hif1 with HAT-B. We performed size exclusion chromatography and concluded that Hif1 can bind directly to Hat2 in the absence of Hat1. This is the first direct demonstration that Hat1 does not significantly contribute to the HAT-B/Hif1 interface. Additionally, our sedimentation equilibrium data indicate that Hif1 in the presence of the histones is most likely binding HAT-B as a dimer that contains two copies of the histone molecules H3-H4. We also performed similar experiments on the histone chaperone Asf1 in the presence of HAT-B to determine whether there are any direct interactions with either Hat1 and/or Hat2. These data indicate that Asf1 requires the histone molecules H3 and H4 to associate with HAT-B, suggesting that H3-H4 functions as a bridge between Asf1 and HAT-B. Such a mode of binding is consistent with previous reported experiments on the fungal-specific Rtt109 histone acetyltransferase that also associates with Asf1 to acetylate H3K56, through bridging interactions of H3-H4 (34) . Furthermore, we have used SEC and AUC to determine that Hif1 and Asf1 can bind to HAT-B either simultaneously or separately to form stable protein complexes. Simultaneous binding of Asf1 and Hif1 to the HAT-B/H3-H4 histone complex is consistent with previous pulldown studies from cells (21) .
Based on our equilibrium sedimentation experiments, we conclude that in the presence of histones, the NuB4/H3-H4 complex contains HAT-B as a heterodimer bound to two copies of Hif1/ H3-H4. This is in contrast to the HAT-B/Asf1/H3-H4 complex where Asf1 binds HAT-B as a monomer bound to one copy of the H3-H4 heterodimer. Additionally, when both Asf1 and Hif1 are present, an experimental molecular mass represents a 1:1:1:1:1:1 binding of all six proteins. Based on these data, we have proposed a model for HAT-B/histone chaperone assembly and acetylation on H3-H4 complexes HAT-B in the histone deposition pathway (Fig.  6 ). Taken together, the structurally distinct Hif1 and Asf1 histone chaperones bind through distinct modes and independently to HAT-B/H3-H4 complexes.
Additionally, Michaelis-Menten enzyme kinetic experiments of HAT-B in the presence or absence of the Hif1 or Asf1 histone chaperones reveal that Hif1 and Asf1 do not significantly contribute to the overall catalytic efficiency of HAT-B for histone H4 acetylation. Based on this observation, we propose that the role of Hif1 and Asf1 is strictly related to transport of the histones either into or out of the HAT-B complex to be later used for histone deposition. Having narrowed down the enhancement of Hat1 catalytic activity to Hat2, we wanted to further dissect its molecular contribution to histone H4 acetylation. We first performed experiments to compare the kinetics of HAT-B using either a peptide substrate (H4 residues 1-19) or full-length H3-H4 histone het-erodimer. These data reveal a remarkable difference in a lower K m when comparing the peptide to the full-length proteins, indicating that the full-length histones are much better substrates than the N-terminal H4 peptide. We then used crystal structure information of Hat2 or HAT-B complexes bound to histone H4 N-terminal fragments to help dissect the histone contributions to H4 tail acetylation. Remarkably, we found that mutation of residues that mediate Hat2 interaction with H4 did not have a significant effect on histone H4 tail acetylation. Significantly, a ϳ23-fold increase in catalytic efficiency is observed when comparing the activity of Hat1 alone on either full-length histone substrates versus the H4 N-terminal peptide. This suggests that the full-length histones make important contacts with Hat1 for enhanced activity. These data, together with our observations that full-length H3-H4 is a better substrate than the histone H4 peptide for HAT-B, suggest that the core region of H3-H4 likely contributes to histone H4 tail acetylation.
Based on our experiments we propose a model to place Hif1 and Asf1 within the HAT-B complex along the histone assembly and acetylation pathway ( Fig. 6 ). Previous studies have demonstrated the majority of H4 bound to Asf1 is acetylated on K5 and K12 (3, 21, 24) , and therefore the NuB4 complex (Hat1, Hat2, and Hif1) likely acts upstream of Asf1. We hypothesize that Hif1 is responsible for recruiting newly synthesized histones H3-H4 heterodimers into HAT-B for acetylation, with the recruitment occurring through Hif1-Hat2 interaction. Based on our data and previous studies (21) , two subunits of Hif1 form a complex with either two H3-H4 heterodimers or a single H3-H4 heterotetramer. This is consistent with previous studies demonstrating that the human ortholog of Hif1, sNASP, dimerizes to form a complex with two H3-H4 dimers (21) . After Hif1 binds to H3-H4, it then brings the histones to the HAT-B complex for acetylation where the tails and cores of H3 and H4 make direct contact with both Hat1 and Hat2. This results in a complex with one Hat1, one Hat2, and two Hif1/H3-H4 molecules. Because Asf1 has been shown to bind H3-H4 heterodimers (25, 26) and act downstream of NuB4 (3, 21, 24) , it is likely that NuB4 also binds H3-H4 heterodimers. Therefore, after HAT-B-mediated histone H4 acetylation, Asf1 likely comes in and binds to the tetrameric interface of H3-H4 as previously described (25, 26) . This complex must then be transported into the nucleus where the histones likely interact with additional chaperones to be primed for deposition onto replicating chromatin. The process of histone deposition is poorly understood, but the CAF-1 histone chaperone complex has been shown to assist in generation of the H3-H4 tetramer for histone deposition into chromatin (35) . Taken together, the data presented here progress our understanding for how Hat1, Hat2, Hif1, and Asf1 contribute to acetylation-dependent histone H3-H4 assembly. 
